(þ)-Boronolide (1), 1, 2) which has been synthesized by many research groups, [3] [4] [5] [6] comprises 6-substituted 5,6-dihydro--pyrone bearing a polyacetoxy side chain (Fig. 1 ). Many compounds bearing a similar structure have been reported and characterized as having wideranging biological activity. 7) Although the extracts containing (þ)-boronolide has been used as a folk medicine, the biological activity of (þ)-boronolide has not been elucidated. Neither the isolation nor synthetic study of (À)-boronolide (2) has been reported. Stimulated by the apparent biological activity, total syntheses of (þ)-and (À)-boronolides and a biological study were the objectives of this project. This article describes a new synthetic route to (þ)-boronolide, the first synthesis of (À)-boronolide, and their plant growth-regulatory activity. The plant growth-regulatory activity of one of the enantiomers of parasorbic acid, psilotin, and cryptocaryalactone ( Fig. 1 ) have been identified in the course of biological research into 6-substituted 5,6-dihydro--pyron. 7) However, the optical purity of the isolated 6-substituted 5,6-dihydro--pyrone has not been reported. This present study is the first attempt to clarify the biological activity of both enantiomers by using the optically pure 6-substituted 5,6-dihydro--pyrone compound.
The retrosynthetic analysis is outlined in Scheme 1. The chiral carbons at the 5-positions of (þ)-and (À)-boronolides could respectively be converted from the 1 and 5 positions of yeast reductive products 3 and 4, 8) which were obtained from a common racemate. The lactone rings could be constructed by Baeyer-Villiger oxidation to cyclopentanone derivatives which could be obtained from 5 and 6. The stereochemistry of the 6 and 7 positions could respectively be constructed by ADmix-and oxidations 9) to olefins 5 and 6. The 8 positions would then be obtained by respective alkylation to aldehydes 7 and 8. Aldehyde 7 could then be transformed from diol 9 which had previously been obtained from yeast reductive product 3 in our laboratory.
10) The Aldehyde 8 could be obtained from 10 which had also previously been prepared from yeast reductive product 4.
10) The ,-unsaturated olefin of 7 would be introduced by the Wittig reaction to the aldehyde derived from primary alcohol 9, using ClPh 3 CH 2 OCH 3 followed by elimination. Aldehyde 8 could also be obtained after converting 10 to the enantiomer of 9.
Results and Discussion
The development of diol 9 is depicted in Scheme 2. After selectively protecting the primary hydroxy group as a trityl ether, the secondary hydroxy group was converted to a triisopropylsilyl ether. Selective cleavage y To whom correspondence should be addressed. Tel: +81-89-946-9846; Fax: +81-89-977-4364; E-mail: syamauch@agr.ehime-u.ac.jp of the trityl group and subsequent oxidation by pyridinium chlorochromate of the resulting primary hydroxy group gave the corresponding aldehyde. This aldehyde was subjected to the Wittig reaction by using ClPh 3 CH 2 OCH 3 and potassium bis(trimethylsilyl)amide, and then the resulting enol ether was treated with acetic acid to give trans-,-unsaturated aldehyde 11 as a single isomer. The reaction of this aldehyde 11 with n-butyl lithium gave undesired R-alcohol 12 (63%) and desired S-alcohol 13 (27%). Applying the R-and SMosher reagent to 12 and 13 were ineffective to determine their stereochemistry. However, the stereochemistry of 12 and 13 could be assumed by the (R)-and (S)-CBS reduction. After converting alcohol 12 to ketone 14 by oxidation, the resulting ketone was exposed to (R)-(þ)-2-methyl-CBS-oxazaborolidine, 11) giving the same product as 13 as a single stereoisomer in 61% yield. On the other hand, treating ketone 14 with (S)-(À)-2-methyl-CBS-oxazaborolidine gave the same product as 12 as a single stereoisomer in 80% yield.
Undesired R-alcohol 12 was converted to desired Salcohol 13 by employing the Mitsunobu reaction followed by hydrolysis in 60% yield. Benzylation of the secondary hydroxy group of 13 under the basic or Lewis acid condition was troublesome due to decomposition, however, benzyl ether 15 was obtained in the moderate yield under the neutral condition using 2-benzyloxymethylpyridinium triflate. 12) This intermediate was then carried through the stage where the two chiral centers were constructed. The exposure of 15 to ADmix-gave desired glycol 16 in 75% yield, together with an undesired glycol (17%). The desilylation of 17 was then attempted after acetylation. The application of HF/pyridine allowed clean deprotection of the triisopropylsilyl group without any by-products, which were caused by treating with tetra-n-butylammonium fluoride. Resulting cyclopentanol derivative 18 was oxidized to cyclopentanone derivative 19 by using pyridinium chlorochromate. The oxygen atom of the lactone was introduced by Baeyer-Villiger oxidation, employing 14) to give 1. The NMR data and optical rotation value of our synthetic 1 were in agreement with those of natural 1.
5)
As depicted Scheme 3, the synthesis of (À)-boronolide began with converting 10, 10) which had been prepared from another yeast reductive product, to ,-unsaturated aldehyde 25. After converting the secondary hydroxy group of 10 to a mesylate, treating with sodium benzoate afforded a benzoate with inversion of the configuration. The cis-cyclopentane isomer of 29 was obtained from 10 without inverting the configuration. Many by-products were observed due to migration of the acetyl group by applying the cis-cyclopentane derivative at the stage of desilylation to give a cyclopentanol derivative. Faced with this problem, configuration inversion was achieved at the first stage to give 22. Cleavage of the trityl ether and subsequent oxidation gave the corresponding aldehyde. This aldehyde was transformed to a glycol by -hydroxylation and subsequent reduction. Protections of the respective primary and secondary hydroxy groups as a trityl ether and methoxymethyl ether, and subsequent hydrolysis and silylation gave corresponding fully protected compound 24. After deprotecting the primary hydroxy group, the resulting alcohol was converted to 25 by the same method as that described for the preparation of 11, and then the (À)-boronolide was obtained from 25 according to the synthetic method described for the (þ)-boronolide. (S)-(À)-2-Methyl-CBS-oxazaborolidine reduction was applied to 26 to construct the stereochemistry at the 8-position of the (À)-boronolide, giving 27. AD-mixwas employed to olefin 27 after benzylation to obtain 28. The enantiomeric excess of both the (þ)-and (À)-boronolides was determined as more than 99% by using a chiral column. The enantiomeric excess of the synthesized (þ)-boronolide had not been described in the previous reports.
The plant growth-regulatory activity of the (þ)-and (À)-boronolides was next evaluated (Table 1) . (þ)-Boronolide, which is a natural component, depressed the root growth of Italian ryegrass (Lolium multiflorum Lam.) at 1 mM. The activity of the unnatural (À)-boronolide was weaker than that of the (þ)-boronolide. Weak activity of (þ)-boronolide against shoot growth was also observed. Although the plant growth-inhibitory activity of some other 6-substituted 5,6-dihydro--pyrones has been reported ( Fig. 1) , the activity of their enantiomers has not previously been reported. The plant growth inhibitory activity of (þ)-boronolide against plant growth was therefore discovered for the first time, and the activity was compared with its enantiomer from this present study. Neither the (þ)-nor (À)-boronolide affected the growth of Lactuca sativa L.
In summary, a new synthetic route to optically pure (þ)-boronolide was developed, and the first synthesis of optically pure (À)-boronolide was achieved by employing two yeast reduction products from one common racemic compound. This enabled us to compare the C. After the mixture was stirred at À70 C for 30 min, aldehyde (6.14 g, 17.8 mmol) in THF (30 mL) was added. The reaction mixture was stirred at À70 C for 30 min and then at room temperature for 1 h. After addition of hexane, the mixture was filtered. The filtrate was concentrated, and then the residue was applied to silica gel column chromatography (1% EtOAc/hexane and EtOAc/ hexane = 1/8) to give isomeric mixture of enol ether (6.08 g, 16.3 mmol, 92%). Anal. Found: C, 64.37; H, 10.78%. Calcd. for C 20 H 40 O 4 Si: C, 64.47; H, 10.82. A reaction solution of enol ether (2.43 g, 6.52 mmol) and 50% CH 3 CO 2 H (140 mL) in THF (140 mL) was stood at room temperature for 110 h before additions of sat. aq. NaHCO 3 and CHCl 3 . The organic solution was separated and dried (Na 2 SO 4 ). Concentration followed by silica gel column chromatography (5% EtOAc in hexane) gave aldehyde 11 (1.93 g, 6.51 mmol, 99%) as a colorless oil, ½ 
E-3-[(1S,2R)-2-(Triisopropylsilyloxy)cyclopent-1-yl]-3-propenal (25).
A reaction mixture of alcohol 23 (8.76 g, 37.4 mmol), PCC (9.67 g, 44.9 mmol), and MS 4A (0.60 g) in CH 2 Cl 2 (100 mL) was stirred at room temperature for 16 h before addition of ether. After the mixture was filtered, the filtrate was concentrated, and then the residue was applied to silica gel column chromatography (EtOAc/hexane = 1/9) to give unstable aldehyde (6.59 g, 28.4 mmol, 76%) as a colorless oil, ½ (30 mL) was stirred at room temperature for 3 h before addition of sat. aq. NaHCO 3 solution. The organic solution was separated, washed with sat. aq. CuSO 4 solution and sat. aq. NaHCO 3 solution, and dried (Na 2 SO 4 ). Concentration followed by silica gel column chromatography (1% EtOAc/hexane) gave unstable isomeric mixture of silyl enol ether (11.0 g, 28.4 mmol, 100%). A reaction mixture of silyl enol ether (11.0 g, 28.4 mmol), NMO (4.40 g, 37.6 mmol), and 2% aq. OsO 4 solution in acetone (117 mL), tert-BuOH (29 mL), and H 2 O (29 mL) was stirred at room temperature for 20 h before addition of sat. aq. Na 2 S 2 O 3 solution. After concentration of the mixture, the residue was dissolved in EtOAc and H 2 O. The organic solution was separated and dried (Na 2 SO 4 ). Concentration followed by silica gel column chromatography (EtOAc/hexane = 1/2) gave polymer of -hydroxy aldehyde (6.54 g). To an ice-cooled solution of this polymer (6.54 g) in EtOH (20 mL) was added NaBH 4 (1.00 g, 26.4 mmol). The resulting reaction mixture was stirred at room temperature for 4 h before addition of 1 M aq. HCl solution. After neutralization with sat. aq. NaHCO 3 solution, the mixture was concentrated. The residue was dissolved in EtOAc and H 2 O. The EtOAc solution was separated, washed with brine, and dried (Na 2 SO 4 ). Concentration followed by silica gel column chromatography (EtOAc/ hexane = 1/2) gave a diastereomeric mixture of glycol (5.03 g, 20.1 mmol, 71%, 2 steps) as a colorless oil. C for 12 h before addition of CHCl 3 . The organic solution was separated and dried (Na 2 SO 4 ). Concentration gave crude alcohol. To an ice-cooled solution of crude alcohol and 2,6-lutidine (4.00 mL, 34.2 mmol) in CH 2 Cl 2 (25 mL) was added TIPSOTf (5.60 mL, 20.8 mmol). The resulting reaction solution was stirred at room temperature for 2 h before addition of sat. aq. NaHCO 3 solution. The organic solution was separated, washed with sat. aq. CuCO 4 solution and sat. aq. NaHCO 3 solution, and dried (Na 2 SO 4 ). Concentration followed by silica gel column chromatography (1% EtOAc/hexane) gave diastereomeric mixture of silyl ether 24 (9.40 g, 16.0 mmol, 85%, 3 steps). This resulting silyl ether 24 was converted to (1S,2R)-propenal 25 by the same method as that described for the synthesis of (1R,2S)-propenal 11. E-1-[(1R,2S)-2-(Triisopropylsilyloxy)cyclopent-1-yl]-1-hepten-3-one (14) . A reaction mixture of 3R-alcohol 12 (0.12 g, 0.34 mmol), PCC (88 mg, 0.41 mmol), and MS 4A (0.5 g) in CH 2 Cl 2 (20 mL) was stirred at room temperature for 12 h before addition of ether. After the mixture was filtered, the filtrate was concentrated. The residue was applied to silica gel column chromatography (5% EtOAc in hexane) to give ketone 14 (0.11 g, 0.31 mmol, 91%) as a colorless oil. 13 C-NMR (CDCl 3 ) : 12.2, 13.8, 18.0, 21.8, 22.4, 26.4, 29.1, 35.2, 39.9, 51.9 Stereoselective reduction of ketone 14. To a solution of ketone 14 (0.11 g, 0.31 mmol) in toluene (4 mL) was added a solution of (R)-(þ)-2-methyl-CBS-oxazaborolidine (0.36 g, 1.30 mmol) in toluene (1 mL) and catecholborane (0.13 mL, 1.22 mmol) in toluene (3 mL) at À70 C. After the reaction mixture was stirred at À70
C for 1 h, MeOH was added, and then the mixture was filtered. The filtrate was concentrated. The resulting residue was applied to silica gel column chromatography (1% EtOAc in hexane) to give 3S-alcohol 13 (69 mg, 0.19 mmol, 61%). Ketone 14 (33 mg, 0.094 mmol, 30%) was recovered. Alcohol 27 was obtained from 26 by employing (S)-(À)-2-methyl-CBS-oxazaborolidine.
Isomerization of 3R-alcohol 12 to 3S-alcohol 13. A reaction solution of 3R-alcohol 12 (0.59 g, 1.66 mmol), Ph 3 P (0.88 g, 3.36 mmol), p-nitrobenzoic acid (0.56 g, 3.35 mmol), and DEAD (1.53 mL, 40% in toluene, 3.36 mmol) in THF (5 mL) was stirred at room temperature for 4 h before additions of H 2 O and EtOAc. The organic solution was separated, washed with sat. aq. NaHCO 3 solution and brine, and dried (Na 2 SO 4 ). Concentration followed by silica gel column chromatography (hexane/toluene = 3/1) gave p-nitrobenzoate (0.53 g). A reaction solution of p-nitrobenzoate (0.53 g) in 1 M aq. NaOH solution (25 mL) and EtOH (100 mL) was stirred at room temperature for 3 h before additions of CHCl 3 and H 2 O. The organic solution was separated and dried (Na 2 SO 4 ). Concentration followed by silica gel column chromatography (3% EtOAc in hexane) gave 3S-alcohol 13 (0.35 g, 0.99 mmol, 60%, 2 steps). Evaluation of the plant growth-inhibitory activity. The plant growth-inhibitory activities of (þ)-and (À)-boronolides were evaluated by using lettuce (Lactuca sativa L.: green-wave (Takii Seed Co., Kyoto, Japan)) and Italian ryegrass (Lolium multiflorum Lam.: wasefudo (Takii Seed Co., Kyoto, Japan)). A sheet of filter paper (90 mm or 40 mm in diameter) was placed in a 90 mm or 40 mm Petri dish and wetted with 500 mL or 160 mL of the test sample solution dissolved in acetone at a concentration of 6.0 mM. After drying the filter paper, 3 mL or 1 mL of water was poured into the dish to adjust the concentration to 1.0 mM. Thirty seeds of each plant were then placed on the filter paper, and after the Petri dishes were sealed with Parafilm, they were incubated in the dark at 20 C. After 3 and 5 d for lettuce and barnyard grass, respectively, the lengths of their roots and shoots were measured with a ruler. The respective root and shoot lengths of the control were ca. 3 cm and 1 cm for lettuce, and 4 cm and 3 cm for grass. The experiments were performed in triplicate or more for each sample (n ¼ 3).
